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Multiple Wavelength Photonic Oscillator 

Cross Reference to Related Application 

This application claims the benefit of U.S. Provisional Patent Application No. 60/487,534 
filed July 14, 2003, the disclosure of which is hereby incorporated herein by reference. 

5 Technical Field 

This invention provides a multi-wavelength photonic oscillator (MWPO) that generates 
a multi-wavelength optical waveform in which each wavelength is amplitude 
modulated with a common low noise RF tone or family of tones. 

Background of the Invention 

10 The invention extends the prior concepts of a multi-tone photonic oscillator and of a 
single-tone opto-electronic oscillator to multiple optical wavelengths. The prior 
approaches supply only a single optical wavelength. Using these prior approaches, a 
multiple wavelength output would require multiple oscillators, with each oscillator 
operating at a different optical wavelength. If those oscillators have RF tones of 

15 nominally the same frequency modulated onto the optical carrier, the RF signals 

produced at photodetectors connected to the outputs of those oscillators would have 
the same frequency. However, those RF signals would not have any phase coherence. 
There is a need for the generation of phase-coherent RF tones on optical carriers having 
different wavelengths. 

20 Prior art photonic oscillators (also called opto-electronic oscillators) are described in US 
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Patent Nos. 5,723,856 and 5,777,778 by Yao and Maleki of JPL. The photonic oscillator of 
these prior inventions comprises an electro-optic modulator, a photodetector and a 
feedback loop that goes from the optical output of the modulator into the optical input 
of the photodetector, then electrically out of the photodetector and into the electrical 
5 drive input of the modulator; with the loop gain being greater than one. An optical 

source, such as a pump laser, supplies the light that goes into the modulator. Part of the 
light output from the modulator is diverted into the feedback loop. 

A photonic oscillator that applies a multi-tone RF modulation on a single wavelength 
optical carrier without using a separate electronic RF oscillator is disclosed in PCT patent 
10 application Serial No. PCT /US02/ 36849 filed November 15, 2002 by HRL Laboratories, 
Yap and Sayyah entitled " Agile Spread Waveform Generator and Photonic Oscillator" 
which application is owned by the assignee of the present application. 

These prior inventions do not make any assertions regarding the wavelength or 
wavelengths of light provided by the optical source. The optical wavelength of the light 

15 is not a characteristic that is a point of concern in these prior inventions and no mention 
is made of the wavelength. Also, no distinction is made between the wavelength or 
wavelengths of the light that is diverted into the loop compared to those not diverted 
into the feedback loop. What is considered important in these prior inventions, instead, 
is the optical power of that light, which, if sufficiently high, can supply the necessary 

20 energy to sustain the oscillation. 

These prior photonic oscillators do not specifically produce optical outputs that have 
multiple wavelengths nor are their output wavelengths necessarily suitable for 
distribution of the light by a WDM network. The multi- wavelength capability of the 
present invention is one feature that is of benefit to the art. 

25 Digital beam forming is being developed for phased array antennas that have multiple 
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beams. Typically, a different digital beam forming signal is generated for each antenna 
element. This signal can contain the data to be transmitted and also the phase 
information for forming the antenna beam. This signal is then frequency-converted to 
the desired RF carrier and supplied to the antenna element. As illustrated in Figure 6, 
5 optical links can be used to carry the data from a central processor, which generates the 
beam forming information, to the antenna. An optical heterodyning technique can be 
used to also accomplish the frequency conversion as part of the optical distribution of 
the data. Alternatively, a cascade of two electro-optic modulation units can accomplish 
the frequency conversion. Since different signals are needed for each antenna element, 

10 many optical links would be needed, one for each antenna element. To reduce the 

number of optical fibers required, it may be advantageous to use a WDM network to 
carry signals between the processor and the antenna. A single optical fiber could carry 
the signals for a subarray of multiple elements. Each element of the subarray would be 
distinguished by a different optical wavelength. These multiple optical wavelengths 

1 5 would be carried in the same fiber. 

Brief Description of the Invention 

In one aspect, the present invention involves the supply of multiple optical wavelengths 
into the optical modulator of a photonic oscillator combined with the use of a subset of 
those optical wavelengths (as the control wavelengths) in an op to-electronic feedback 
• 20 loop of the oscillator. The optical modulator applies a single or multi-tone RF 

modulation onto the multiple optical wavelengths. In a first embodiment, light at a 
control wavelength is diverted into a feedback loop, while light at the other 
wavelengths does not go through the feedback loop and is supplied as the output of the 
photonic oscillator. 

25 An optical wavelength division multiplexing (WDM) network can then distribute this 
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light to multiple photodetectors associated with antenna elements, with one or more 
wavelengths reaching each such photodetector. The desired phase-coherent RF signals 
are obtained at the terminal photodetectors. The feedback loop comprises one or more 
optical delay paths and various combinations of optical and electronic gain elements 
5 (amplifiers), optical and electronic filters, optical and electronic phase shifters, and 
photodetectors. 

The effect of the feedback loop is to delay the RF modulated optical signal at a control 
wavelength, convert that signal into a RF electrical signal and use that delayed electrical 
signal to drive the optical modulator. When the gain of the feedback loop is greater 

10 than one, oscillation occurs. In contrast to the prior approaches, this RF feedback signal 
modulates light at multiple optical wavelengths. The time delays from the various paths 
of the feedback loop determine the frequency or frequencies of the modulation. The 
filters in the loop determine the number of modulation frequencies or tones. The RF 
modulations on the various optical wavelengths are coherent because the same optical 

15 modulator (which is a part of the feedback loop) produces those modulations. As will 
be seen, the various wavelengths of light do not all have to go through the feedback 
loop. The multi- wavelength light is preferably supplied by multiple single- wavelength 
lasers. It also could be supplied by one or more multi-wavelength laser sources. The 
design of the light source may not be particularly important for certain embodiments of 

20 this invention. But, for other embodiments, the design of the light source may well be 
important particularly if unwanted cross modulation products, which can be generated 
by the loop photodetectors, are to be avoided. 

In one aspect, the present invention provides for photonically generating a RF 
oscillation that does not require a separate electronic RF oscillator and that also 
25 produces such oscillation as modulation sidebands on multiple optical carriers of 
different wavelengths. There is a prior HRL invention disclosure that discusses 
application of the same set of RF modulation sidebands (produced by driving an optical 
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modulator with the output of an electronic RF oscillator) on multiple optical carriers of 
different wavelengths (see PCT application PCT/US02/36845 filed November 15, 2002 
by HRL Laboratories and Yap, the disclosure of which is hereby incorporated herein by 
reference). The disadvantage of this prior approach is its need for a separate electronic 
5 oscillator, which can be costly if low phase noise is required. 

Brief Description of the Drawings 

Figure 1 illustrates a preferred embodiment of a multi-wavelength photonic oscillator 
(MWPO); 

Figure 2 illustrates a second embodiment of a multi-wavelength photonic oscillator; 

10 Figure 3 illustrates a third embodiment of a multi- wavelength photonic oscillator; 

Figures 4a - 4f illustrate multi-tone waveforms that can be generated by the present 
invention and the bandpasses of associated photodetectors of the embodiment of 
Figure 3; 

Figure 5 illustrates the use of a MWPO as a master laser source for optical injection 
1 5 locking pairs of slave lasers within a WDM framework. 

Figure 6 illustrates the application of optical frequency conversion and optical data 
distribution in an antenna system with digital beam forming. 

Figure 6a depicts a modification to Figure 6 to implement photonic beam forming. 
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Detailed Description 



A preferred embodiment of a multi-wavelength photonic oscillator (MWPO) 100 in 
accordance with the present invention is illustrated in Figure 1. It comprises multiple 
lasers 102 L A - L D (which each emit light at a different wavelength or optical frequency), 
an optical wavelength multiplexer 104, an optical modulator 106, an optical wavelength 
selector 108 and photodetectors 110 and 112 connected in a closed feedback loop 120. 
The loop may also include optical amplifiers 114 and/or electronic amplifiers 118, optical 
phase shifters 126, 128, an electronic phase shifter (not shown, but disposed in the 
electronic portion of the loop ) and a bandpass filter 116. One laser wavelength X is 



CNTL 



10 directed into the feedback loop 120 and the other laser wavelengths (e.g., 

X , X , X , X ) are provided as outputs of the MWPO 100. These outputted 

A B C D 

wavelengths can be associated with various optical WDM channels in a digital beam 
forming signal distribution system (as illustrated in Figure 6) or with various pairs of 
laser diodes for optical injection locking (as illustrated in Figure 5). The MWPO 100 

1 5 accomplishes RF modulation of the multiple laser wavelengths using a single feedback 
loop and without needing a high frequency electronic oscillator. An electronic filter 116 
in the feedback loop 120 selects the range of RF modulation frequencies that can be 
sustained by the oscillator. The feedback loop 120 shown in Figure 1 has two optical 
paths or channels 120a and 120b, with each optical path or channel including at least a 

20 photodetector 110, 112 and possibly also an optical amplifier 114 and an optical phase 
shifter 126, 128. One path, 120a, is shorter having a relatively short delay line 124 
therein (which can be implemented by a relatively shorter length of optical fiber). The 
other path, 120b, is longer, typically comprising a relatively long delay line 124 (which 
can be implemented by a relatively longer length of optical fiber). Preferably, the closed 

25 loop gain resulting from the combination of all paths is greater than one. 



-6- 



The delay time of each path determines a set of RF oscillation frequencies that can be 
modulated onto the light by the optical modulator 106. The longer path defines 
relatively narrow-spaced frequency sidebands 134 (see Figure 4b) while the shorter 
path defines relatively broadly-spaced frequency sidebands 132 (see Figure 4a). The 
5 combination of paths selects the subset of RF oscillation frequencies that the various 
paths have in common (see Figure 4c). The number of tones from the two loops which 
are selected depends on the passband of filter 116. The RF signal is produced at a 
photodetector located at the end of the optical fiber that is the output port of the 
MWPO 100. Such a photodetector 220 is shown in application of MWPO 100 depicted by 
10 Figures 5 and 6, for example. 

Figures 4a - 4f show tones produced by various aspects of the disclosed circuitry. 
Figures 4a - 4c show the tones, expressed as wavelengths, produced in the optical 
portions of the circuity. Figure 4a shows the relatively wider spaced tones defined by 
the shorter loop, while Figure 4b shows the relatively closer spaced tones defined by 

15 the longer loop. Figure 4c shows how the combination of the two loops select a subset 
of RF oscillation frequencies that the two paths have in common. Figure 4d shows the 
bandpass of the photodetector 220 (see Figures 5 and 6) where the conversion to 
electrical RF signals occurs. Figure 4e shows the tones in the frequency domain after 
conversion to electrical RF tones. To distinguish the tones in the frequency domain 

20 from the wavelength domain, prime marks (') are added after the reference numerals. 
Figure 4f shows the bandpass of filter 116 and its relationship to the subset of Figure 4e. 

If the length of the longer delay line 122 has a controlled value and is of a relatively long 
length (typically comprising 1000s of meters of optical fiber), the MWPO 100 can 
produce multiple RF tones 134' at a photodetector 220 connected to its output port 121 
25 and the spacing between those tones 134', which is determined by the delay time 
associated with the longer delay line 122, will be much shorter than the spacing 
between the RF tones 132'. 



-7- 



If the length of the shorter path 120a is very short, typically comprising less than 2 
meters of optical fiber, the MWPO can produce a single RF tone at photodetector 220 
connected to its output port. In this case, the oscillator loop of the MWPO functions in a 
manner similar to the loops described in US Patent No. 5,777,778. 

5 If the length of the shorter loop has a controlled value and is of moderate length 
(typically comprising 4 * 100 meters of optical fiber), the MWPO 100 can produce 
multiple RF tones 132 at photodetector 220 connected to its output port 121. The 
spacing between those tones 132 as determined by the delay time associated with the 
shorter delay line 122 is smaller than in the preceding case. In this case, the oscillator 
10 loops of the MWPO 100 function in a manner similar to the loops described in the 

aforementioned PCT application Serial No. PCT/US02/36849 filed November 15, 2002 
by HRL Laboratories, Daniel Yap and Kayvan Sayyah. 

In general the laser wavelengths (e.g., X , X , X , X ) output from the MWPO 100 are 

A B C D 

selected to match the wavelengths of the channels in a WDM network (see Figure 6). 
15 These typically are the wavelengths associated with the wavelength multiplexers (WM) 
and the wavelength demultiplexers (WDDM) of the network. The International 
Telecommunications Union (ITU) has defined a set of standard wavelengths for WDM 
systems and the present invention is well-adapted to supply such a set of standard 

wavelengths. The control wavelength, X , can be selected to best suit the 

CNTL 

20 components in the feedback path of the MWPO 100. 

A feature of this embodiment is that the optical powers at the wavelengths 
^a'^b'^c'^d ° an ^ e se * ecte d to suit *h e intended use of the light at those wavelengths. 

For example, if that light is used to provide a master oscillator signal for injection 
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locking a pair of slave lasers, the intensity at a given wavelength can be chosen to 
achieve a desired injection locking bandwidth or phase noise. The optical power at the 

wavelength X is preferably selected to achieve low phase noise for the MWPO 

CNTL 

tones. 

5 The phase noise of a photonic oscillator and its dependence on parameters such as 

optical power has been analyzed by various authors (e.g., by Yao and Maleki in J. Opt. 
Soc. Am. B, vol. 13, no. 8, pp. 1725-1735; and by Sayyah and Yap in SPIE Proc, vol. 4490, 
pp. 52-62). 

Another embodiment of the MWPO 100 is illustrated in Figure 2. This MWPO 100 
10 comprises multiple lasers 102 (which emit at different wavelengths or optical 

frequencies), an optical wavelength multiplexer 104, an optical modulator 106 and 
photodetectors 110 and 112 connected as a closed feedback loop 120. The loop 120 
optionally includes optical amplifiers 114 and/or electronic amplifiers 118, optical phase 
shifters 122, 124 and /or electronic phase shifters (not shown, but would occur in the 
15 electronic portion of the loop) and filters 116. A portion of the laser light in all of the 

laser wavelengths (e.g., X a , X^ y X c , X^) is diverted into the feedback path 120 by an 

optical splitter 108'. The remaining portion of the laser light in all of the wavelengths is 
provided as an output 100a of the MWPO 110. These wavelengths can be associated 
with and supplied to various pairs of laser diodes for optical injection locking (as 

20 illustrated in Figure 5). They also can be associated with various optical WDM channels 
in a digital beam forming, signal distribution system (as illustrated by Figure 6). As in 
the first embodiment of Figure 1, the MWPO 100 accomplishes RF modulation of the 
multiple laser wavelengths using a single feedback loop 120 and without needing a high 
frequency electronic oscillator. An electronic filter 116 in the feedback loop 120 selects 

25 the range of RF modulation frequencies that can be sustained by the oscillator. The 
feedback loop 120 shown in Figure 2 has two optical paths 120a and 120b, with each 
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path containing at least a photodetector 110, 112 and possibly also an optical amplifier 
114. One path, 120a, is shorter and can contain an optical phase shifter 126. The other 
path, 120b, is longer, typically comprising a long length of optical fiber 124. Preferably, 
the closed loop gain resulting from the combination of all paths is greater than one. The 
5 delay time of each path determines a set of RF oscillation frequencies that are 

modulated onto the multi-wavlength light by the optical modulator. The combination 
of paths selects the subset of RF oscillation frequencies that the various paths have in 
common. The resultant RF signal is produced at a photodetector 220 (see Figures 5 and 
6) that may be connected to the optical fiber that is the output port 121 of the MWPO 
10 100. 

The main distinction between the two embodiments of Figures 1 and 2 is that in the 
second embodiment all of the wavelengths are coupled into the feedback loop 120. 
Thus, the total amount of optical power carried in the loop determines that total 
photodetector current for the loop. The optical splitter 108' controls the amount of 
15 power diverted into the loop 120. Note that the optical amplifiers 114, optical phase 
shifters 126, 128 and photodetectors 110, 112 must be compatible with the various 
wavelengths of the light coupled into the loop 120. 

The reason that this second embodiment is less preferred than the first embodiment is 
the increased constraints this embodiment places on the wavelengths and powers of the 
20 lasers 102. Otherwise, both embodiments should provide suitable signals for the 
various applications described herein. 

In the case of the first embodiment, the only restriction placed on the lasers L A - L D that 
supply the light wavelengths that are output from the MWPO 100, but are not coupled 
into the feedback loop 120, is that their output wavelengths can be combined with the 
25 WM 104 shown in Figure 1 and that those output wavelengths are not selected by the 
wavelength selective tap 108 shown in Figure 1. Those lasers L A - L D can, in fact, be 
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mode locked lasers that produce pulsed light. The optical spectra of the pulsed light 
occupy a range of wavelengths, all of which would be in the passbands of the WM 104. 
Also, it is possible to have a MWPO 100 for which some of those lasers L A - L D could 
generate pulsed light and yet other lasers would generate continuous (CW) light. In 
5 fact, it is possible to select a modulator 106 for the loop that can accommodate optical 
wavelengths in the range of 1.3-1.55 micrometers. Then, the control laser L CNTL of 

Figure 1 could, for example, emit at 1.3 micrometers and the other lasers 120 (L A - L D ) 
could emit in the range of 1.55 micrometers. Many 1.3 micrometer wavelength lasers 
with the high power and low RIN useful for the feedback loop 120 have been achieved. 

10 Yet other embodiments of the MWPO 100 can be constructed by combining the 

features of the two embodiments described herein. For example, a MWPO 100 can have 
several (control) wavelengths of light diverted into the feedback loop and several other 
wavelengths of light that are not coupled into the loop but only directed to the output 
of the MWPO 100. Some or all of the control wavelengths also could be directed to the 

1 5 output of the MWPO 100. 

Figure 3 shows yet another embodiment of MWPO 100. Before discussing Figure 3, the 
reader should review Figures 4a - 4d first (and the following discussion), as that will 
make the reasons why the embodiment of Figure 3 has certain possible advantages 
over the embodiment of Figure 2 easier to understand. 

20 Figure 4a illustrates the sidebands 132 which are produced in the relatively shorter 

delay line 122 while Figure 4b illustrates the sidebands 134 which are produced in the 
relatively longer delay line 124. If a feedback loop 120 only has one delay line, then only 
one set of sidebands 132 or 134 will be generated. If a feedback loop 120 only has two 
delay lines, as shown in Figures 1 and 2, then the two sets of sidebands 132 and 134 will 

25 be generated as illustrated by Figure 4c, with the two sets of sidebands being 

interleaved as a single pair of sidebands 136. The spacings of the tones in the sidebands 
134 may be much finer than the spacings of the tones in sidebands 132. Indeed, the 
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spacings of the tones in the sidebands 132 might fall in the range of KHz to MHz while 
spacings of the tones in the sidebands 134 might fall in the range of MHz to GHz. The 
spacings of the carrier frequencies 130 of lasers 102 might fall in the range of tens to 
hundreds of GHz. 

5 If the sidebands of one carrier frequency 130 were to overlap the sidebands of another 
carrier frequency, then in the case of the embodiment of Figure 2, undesirable cross 
modulation products could be formed in the photodetectors 110, 112. But, by the same 
token, there may well be embodiments where it is desired to overlap the sidebands of 
one carrier frequency 130 with the sidebands of another carrier frequency 130 without 

10 creating optical cross modulation products in the photodetectors 110, 112. The 

embodiment of Figure 3 permits the sidebands of one carrier to overlap those of 
another without the cross modulation problem by utilizing a tap 108" which is 
implemented as a demultiplexer which separates the desired wavelengths onto separate 
paths or channels each having a detector 110 or 112. Figure 4d shows the pass bands of 

15 the photodetectors 110, 112 associated with the loops and the relationship to the 

sidebands 132, 134. While the pass bands of the photodetectors 110, 112 are not shown 
as overlapping in Figure 4d, they may indeed overlap and since the photodetector 110, 
112 pass bands are only associated with the expected frequencies in any given channel, 
optical cross modulation is avoided. Since the embodiment of Figure 3 is otherwise 

20 similar to the embodiment of Figure 2, for example, the other components are not 
further described at this point. 

One exemplary application of the MWPO 100 is for phase locking various pairs of laser 
diodes 204 by an optical-injection locking process, as illustrated in Figure 5. This optical 
injection locking process results in optical local oscillator (LO) signals carried on multiple 
25 wavelengths that can be applied to the network illustrated in Figure 6, for example. 
Optical LO signals for frequency conversion also can be obtained directly from the 
output of the MWPO 100. However, with this latter technique, the frequency 
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conversion is generally less efficient. Note that each laser diode pair 204 shown in 
Figure 5 has the same optical frequency difference (i.e., producing the same LO 
frequency) if the MWPO 100 is arranged to produce a single RF tone (one tone can have 
three optical frequencies - carrier and two side tones). For a digital beam formed 
5 antenna system or a full duplex, radio-on-fiber application, it is preferable to have all 
laser pairs 204 produce the same LO frequency. However, different LO frequencies are 
preferably produced by the different pairs of lasers 204, for some multi-frequency radar 
systems. In such cases, the MWPO 100 can be arranged to produce multiple RF tones 
and each pair of lasers 204 could produce a different LO frequency that corresponds to 
10 different pairings of the RF tones, with each pairing having a different optical frequency 
difference. 

The various output wavelengths of the MWPO 100 are separated by a wavelength 
demultiplexer (WDDM) 202. Each wavelength is fed to a different pair of slave lasers 
204. For each slave laser 204 pair, one slave laser is set so that its free-running 

1 5 wavelength matches the carrier frequency or a modulation sideband in the optical 

signal supplied to it from the MWPO 100. The other slave laser is typically set so that its 
free-running wavelength matches a different modulation sideband (or, alternatively, 
the carrier frequency). Use of amplitude modulation sidebands to optically injection 
lock a laser is well known and therefore not described in greater detail here. Use of a 

20 pair of lasers to generate an optical heterodyne output suitable for generating a RF LO 
signal also is well known and therefore also is not described in detail here. 

Different beam forming information or data could be modulated onto the optical 
heterodyne output produced by each pair of slave lasers 204 by optical modulators 206. 
This information or data could be supplied by a CPU 210 and drive electronics 212 to 
25 drive an optical modulator (MOD) 206 that follows each pair of slave lasers 204. The 

outputs of the optical modulators 206 can then be multiplexed together (using an optical 
wavelength multiplexer, WM 208) and then carried on a single optical fiber 214 to the 
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antenna subarray location 216. At the subarray location 216, a second WDDM 218 
divides the various optical signals according to their wavelengths. Each wavelength is 
then directed to a different antenna element 216 A ... 216 c of that subarray via an 
associated photodetector-amplifier circuit 220 A ... 220 c , 222 A ... 222 c . 

5 Turning now to Figure 6, a digital beam forming apparatus for phased array antennas 
216, 316 that have multiple beams is depicted. Typically, a different digital beam 
forming signal is generated for each antenna element 216 x - 216 n . This signal can contain 

the data to be transmitted and also the phase information for forming the antenna 
beam. This signal is then frequency-converted to the desired RF carrier and supplied to 

10 the antenna element. As illustrated in Figure 6, optical links can be used to carry the 
data from a central processor 210, which generates the beam forming information, to 
the antenna elements 216x - 216 n . An optical heterodyning technique can be used to also 
accomplish the frequency conversion as part of the optical distribution of the data. 
Alternatively, the modulated output of the MWPO, when further modulated by the 

1 5 digital beam forming signal and then being photodetected, also can accomplish 

frequency conversion. Since different signals are needed for each antenna element, 
many optical links would be needed, one for each antenna element. To reduce the 
number of optical fibers required, it may be advantageous to use a WM/ WDDM 
network 208, 218 to carry signals between the processor 210 and the antenna elements 

20 216 x - 216 n . A single optical fiber could carry the signals for a subarray of multiple 

elements. Each element of the subarray would be distinguished by a different optical 
wavelength. These multiple optical wavelengths would preferably be carried in the 
same fiber. 

It should be recalled that it has already been mentioned that the wavelengths outputted 
25 by a MWPO 100 can be associated with various optical WDM channels in a digital beam 
forming signal distribution system and, as mentioned with reference to Figure 5, the RF 



- 14- 



modulated signal produced by a MWPO 100 can be used to optically injection lock a pair 
of single-wavelength lasers 204 to generate a two-tone, optical local oscillator (LO) 
signal for the optical heterodyning (heterodyning is used to frequency up-convert the 
transmitted signal and to down-convert received signals). The two-tone optical signal is 
5 supplied to an optical modulator 206, which, for the Transmit path, modulates the 
desired data and possibly also beam forming information onto that optical signal. A 
frequency up-converted RF signal is then obtained at a photodetector 220 x - 220 n 
located at the end of the optical link (i.e., at or near the antenna elements 216 x - 216 n ). 

Following the approach described in the preceding paragraph, each antenna element of 
10 a subarray is supplied a modulated two-tone signal of a different nominal wavelength. 
For steering a phased array antenna, the RF phases of the frequency converted signals 
obtained at different antenna elements should be coherent with each other. This 
coherence is achieved if heterodyned beats of the two tone signals are mutually 
coherent. Although each two-tone signal is generated by a different pair of lasers (with 
15 each pair set to a different wavelength), the heterodyned beats signals of those lasers 
are mutually coherent because those lasers all are optically injection locked with a RF 
modulated signal produced by the same MWPO 100, albeit at different optical 
wavelengths. Likewise, for the Receive path, an optical modulator 320 is located 
preferably at or near each antenna element 316 2 - 316 n . The signal received by that 
20 element then drives the associated modulator 320 to modulate the two-tone signal 
distributed to that modulator by WDM 322. 

The frequency up-converted RF signals obtained at photodetectors 220 a - 220 n are 
amplified, preferably by a Solid State Power Amplifier (SSPA) and filter elements 222 x - 
222 n associated with each antenna 216 x - 216 n . The transmit antenna elements 216 a - 
25 216 n and the receive antenna elements 316! - 316 n may be shared or closely located and 
those skilled in the art will appreciate that, in that event, the filters in elements 222 2 - 
222 n would typically include circulators to help isolate the receive circuits from the 
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transmit circuits. 

The use of the MWPO 100 permits a single MWPO 100 to be used for each subarray, or 
even for multiple subarrays. No electronic RF oscillator is needed for generating the LO 
signal. Also, an optical fiber WM/ WDDM network can be used instead of electrical 
5 cables and electronic switch network to interconnect the processor with the antenna. 
Prior approaches for digital beam forming place electronic processors at each antenna 
element that generate the beam-forming information (and possibly also the data) for 
that element. Thus, the power supply and dissipation requirements and the weight at 
the antenna elements would be increased substantially compared to the embodiment of 
10 Figure 6. Indeed, by placing the photodetectors 220! - 220 n at or near antenna elements 
216! - 216 n the frequency up-conversion occurs near the antenna elements 216 x - 216 n 

resulting in a considerable savings in weight (optical cables weigh less than traditional 
shielded copper cables) and allowing the digital processor 210 to be remotely located 
relative to the antenna elements 216! - 216 n . 

15 The digital beam forming apparatus of Figure 6 can be modified to use other beam 

forming techniques. For example, conventional analog beam forming techniques could 
be utilized by utilizing conventional analog circuit techniques downstream of the 
transmit photodetectors 220. Additionally, the beam former apparatus of Figure 6 can 
be modified to utilize photonic beam forming. Figure 6a shows a modification that can 

20 be made to Figure 6 to provide for photonic beam forming. In Figure 6a, the outputs of 
the WDDM 218, instead of being directly coupled to modulators 218! - 218 n , are coupled 
via lxM photonic switches 224! - 224 n , chirped fibre gratings 226 x - 226 n , and Mxl opto- 
couplers 228 1 - 228 n . The chirped fibre gratings 226 x - 226 n impose different delays on 
the optical signals. Each antenna may have M chirped fibre gratings associated 

25 therewith. As drawn in Figure 6a, M equals two, so there are two possible delays which 
can be imposed on each photodetected signal according to Figure 6a. Of course, the 
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number of chirped fibre gratings 226 2 - 226 n associated with each antenna is the number 
M, where M = 1, 2, 3 ... . Instead of using chirped fibre gratings to impose a delay, more 
traditional delay elements (such as preselected lengths of fibre optic cable) can be used 
instead between the lxM opto-switches 224 x - 224 n and the Mxl opto-couplers 228 x - 

5 228 n . Chirped fibre gratings can also be used on the input to the WDDM 218. Switches 
224 x - 224 n are preferably controlled by processor 210 to adjust the phases of the signals 
reaching modulators 218 x - 218 n so as to direct (form) a RF beam transmitted by 
antennas 216 l - 216 n . 

With respect to the receiving function of the antenna, the optical local oscillator signals, 
10 one each supplied from each pair of single wavelength lasers 204, are directed to a 
group of optical modulators 320! - 320 n . Each modulator 320 1 - 320 n of this group 

receives light of a different wavelength, that light also containing information on the 
local oscillator frequency. Each of the modulators 320! - 320 n modulates onto the light it 

receives the RF signal received by the antenna element 316! - 316 n associated with that 

15 modulator. Light from the multiple modulators 320! - 320 n is multiplexed together by a 

multiplexer 318 and thence carried by optical filters to a wavelength division 
demultiplexer (WDDM) 308 and then separately directed to optical photodetectors 306. 
The frequency down-converted intermediate frequency (IF) or baseband signals are 
then produced by these photodetectors 306. The time delays for photonic beamforming 
20 can be achieved by placing elements of Figure 6al (i.e. elements 224, 226, and 228) 
between demultiplexer 308 and photodetectors 306. 

Having described this invention in connection with a number of embodiments, 
modification will now certainly suggest itself to those skilled in the art. As such, the 
invention is not to be limited to the disclosed embodiments except as required by the 
25 appended claims. 
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